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1
SYSTEMS FOR DETECTING
UNCONFINED-PLASMA EVENTS

RELATED APPLICATIONS

The present invention claims priority under 35 USC 119(e)
to a commonly owned provisionally filed patent application
entitled “SYSTEMS FOR DETECTING UNCONFINED-
PLASMA EVENTS,” U.S. Application No. 61/026,991, filed
Feb. 7, 2008 by inventors John Pease and Seyed Jafar Jafar-
ian-Tehrani, which is incorporated herein by reference; and a
commonly owned provisionally filed patent application
entitled “PLASMA UNCONFINEMENT SENSOR,” U.S.
Application No. 61/013,623, filed Dec. 13, 2007 by inventors
Jean-Paul Booth, Alexei Marakhtanov, Rajinder Dhindsa,
Luc Albarede, and Seyed Jafar Jafarian-Tehrani, which is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

Plasma processing systems have long been employed to
process substrates (such as semiconductor wafers) to produce
integrated circuits. Plasma may be generated in various
plasma processing systems, such as electron-cyclotron-reso-
nance (ECR) plasma processing systems, inductively-
coupled (ICP) plasma processing systems, or capacitive
coupled (CCP) plasma processing systems. In many cases,
confining the plasma to a specific region within the process-
ing chamber of a plasma processing system, such as within
the region directly above the substrate being processed, may
provide certain advantages.

To facilitate discussion, FIG. 1 shows an example of a
plasma chamber 100 in which plasma is confined during
processing. Consider the situation wherein, for example, a
substrate 124 is placed on an electrode 110, which is mounted
to a pedestal 120, which is connected to a chamber 102.
Electrode 110 is connected to a remote power supply 114,
such as a radio frequency (RF) power generator, through the
interior of pedestal 120. A processing gas 150, which may be
a mixture of chemicals, may be introduced into chamber 102
through an inlet 104 when the pressure in chamber 102, which
may be lowered by a pump (not shown), has reached a desired
level. To process substrate 124, electrode 110 may capaci-
tively couple the power from power supply 114 with process-
ing gas 150 to form plasma 106. Usually, plasma 106 is
contained within a desired region of chamber 102 by a set of
confinement rings 108. During substrate processing, gases
from plasma 106, which may include a mixture of chemical
components from processing gas 150, chemical components
formed by reactions within plasma 106, and chemical
byproducts from the processing of substrate 124, may flow
through confinement rings 108 and a non-plasma chamber
volume 128 before being removed from chamber 102 through
an outlet 126. This route is illustrated by a path 136 and
usually causes the interior of chamber 102 to be exposed to
highly reactive gases even when plasma 106 is contained.

However, during the processing of substrate 124, plasma
106 may unexpectedly or uncontrollably migrate out of the
containment region within chamber 102. In other words, an
unconfined plasma 138 may form in a region of chamber 102
that is outside of confinement rings 108. The formation of
unconfined plasma 138 is undesirable because unconfined
plasma 138 may alter the quality of processing plasma 106 in
a way that may cause at least one of the following to occur:
significantly degrading the performance on substrate 124,
damaging chamber 102, and damaging the pedestal 120 or its
subsystems. For example, substrate 124 may become dam-
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aged due to a change in an etch or deposition rate and/or may
be damaged by being contaminated with particulate defects
or elemental contamination generated by unconfined plasma
138. The processing chamber 102 and/or the pedestal 120
may be physically damaged by, for example, erosion or cor-
rosion of chamber materials as a result of exposure to uncon-
fined plasma 138. In addition, components of processing
chamber 102 may experience electrical damage because
unconfined plasma 138 may change the path by which plasma
power is returned to ground through the chamber. In an
example, the plasma power from power supply 114 may
return to ground through chamber components that may not
be designed to carry plasma power.

As can be appreciated from the foregoing, unconfined-
plasma events may be caused by many different factors. For
example, a plasma may become unconfined if the plasma
becomes unstable. In another example, an unconfined-plasma
event may occur if electrical arcing occurs within the process-
ing chamber. In yet another example, a plasma may become
unconfined if processing parameters, such as plasma power,
plasma composition, gas supply flows, operating pressure,
and the like, fluctuate.

Also, the occurrence of the unconfined-plasma events may
be sporadic and may tend to be unpredictable. One reason for
the unpredictability is that the unconfined plasma may have
different forms. In addition, the specific effects that an uncon-
fined-plasma event may have on substrate processing gener-
ally cannot be anticipated due to the variable and unpredict-
able forms exhibited by unconfined plasma. For example, an
unconfined plasma may have low density or high density. In
another example, the space occupied by the unconfined
plasma may be large or small. In yet another example, an
unconfined plasma may be a stable plasma or may be a fluc-
tuating, sporadic plasma. Even the location of the unconfined
plasma within the chamber may change during processing.

Various methods have been employed to detect uncon-
fined-plasma events. One method includes utilizing an elec-
trostatic probe that usually has multiple electrodes, such as a
VIprobe or a Langmuir probeto detect an unconfined-plasma
event. In an example, a Langmuir-style probe, which may
have unprotected electrodes (usually made from metal), may
be exposed to the chamber environment. The Langmuir-style
probe is typically electrically biased such that when the probe
is exposed to plasma, a direct current (DC) can flow from the
plasma to the probe’s electrode. For example, a Langmuir-
style probe 122 is positioned within the plasma environment
that is outside of the desired plasma confinement region. By
employing a current detector 148, DC current changes on
Langmuir-style probe 122 via a power supply 118 may be
detected. Also, a DC power supply (not shown) may be
employed to bias the probe.

However, the operational requirements of Langmuir-style
probes (i.e., that the electrodes are unprotected and that a DC
electrical contact with the plasma exists) limit the utility of
the Langmuir-style probes in detecting unconfined-plasma
events. Also, due to the unpredictable nature of the uncon-
fined-plasma events, the Langmuir-style probes may have to
be operating continuously while the substrate is being pro-
cessed in order to be effective. However, continuous usage
may result in exposing the unprotected electrodes of the
Langmuir-style probes to the mixture of chemical species that
is usually present in the chamber during plasma processing.
The mixture of chemical species, which includes chemicals
supplied for processing of the substrate, new chemical spe-
cies generated within the processing plasma, and chemical
byproducts formed during the processing of the substrate,
typically includes both corrosive components and depositing
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components that may detrimentally affect the ability of Lang-
muir-style probes to function properly.

In an example, corrosive components (e.g., chlorine, fluo-
rine, and bromine, etc.) may cause the Langmuir-style probe
to function improperly, such as failing to timely and/or accu-
rately detect an unconfined-plasma event. In addition, cor-
roded electrodes may become a source of particulate defects
and/or metallic contamination that may indirectly damage the
substrate being processed. In another example, the depositing
components of the mixture (e.g., inorganic SiOx-based
byproducts and organic CFx-based polymerizers) may result
in the formation of an electrically-insulating film on the elec-
trodes of the probe; thus, the film may interfere with the
required plasma-electrode DC contact, thereby preventing
the probe from accurately and/or timely sensing the presence
of a plasma. As can be appreciated from the foregoing, the
Langmuir-style probes may not be ideal for detecting uncon-
fined-plasma events.

Another method that has been employed is to identify the
changes in the bias voltage of a substrate during processing to
detect unconfined-plasma events. With reference to FIG. 1, a
bias voltage on substrate 124 may be produced when power
provided by power supply 114 interacts with plasma 106
within chamber 100. Typically a sensor 140 may be installed
(e.g., in electrode 110) to allow direct measurement of the
bias voltage on substrate 124 during processing, and a bias
voltage detector 144 may be employed to compare the bias
voltage against a threshold. Thus, when the characteristic of
plasma 106 is altered due to an unconfined plasma 138, sensor
140 may be employed to measure the bias voltage, and bias
voltage detector 144 may be employed to detect the changes
in the bias voltage.

Additionally or alternatively, a change in the bias voltage
may be indirectly detected by measuring changes in param-
eters that are related to the substrate bias voltage. For
example, when the substrate bias voltage changes because of
unconfined plasma 138, the power supplied by a power sup-
ply 114 to an electrode 110 to maintain plasma 106 may also
change. Therefore, monitoring the power supplied to plasma
106 with a RF power detector 142 may allow detection of
unconfined-plasma events.

However, the utility of monitoring the bias voltage to detect
unconfined-plasma events is limited by the difficulty in
detecting changes in the bias voltage caused by unconfined-
plasma events. Detecting changes in bias voltage is particu-
larly difficult when higher frequency generators (such as 60
MHz) are utilized to generate plasma. The bias voltage gen-
erated by higher frequency generators is small; and since
unconfined-plasma events usually occur at lower power lev-
els, detecting the unconfined-plasma event from the small
changes in the DC bias signal may be difficult or impossible.
Therefore the utility of this technique is limited because of the
inability to reliably detect unconfined-plasma events.

In yet another prior art approach, an optical sensor may be
used to detect unconfined-plasma events. Those skilled in the
art are aware that plasma generally emits light. Thus, an
optical sensor may be employed to detect the light emitted
from an unconfined plasma. In an example, with reference to
FIG. 1, an optical sensor 132 may be installed adjacent to a
transparent window 130 with a line-of-sight into an area of
chamber 102 in which monitoring is desired (denoted here as
apassage 134). Thus, when plasma 106 becomes unconfined,
light from unconfined plasma 138 may enter passage 134 and
may pass through window 130 to be detected by optical
sensor 132. Upon detecting the light, optical sensor 132 may
send a signal to an optical signal detector 146. If the signal is
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above a pre-defined threshold, optical signal detector 146
may provide an alert indicating that unconfined plasma 138
has been detected.

However, employing the optical sensor to detect uncon-
fined-plasma events may be unsatisfactory in some cases
because detecting the light emitted from unconfined plasma
138 may be difficult. This is because the light emitted by
unconfined plasma 138 is significantly dimmer than the light
emitted from processing plasma 106. In addition, the posi-
tioning of the optical sensor outside of the chamber may make
“seeing” the light difficult through the transparent window
since the reactive chemicals may cause the transparent win-
dow to be less than transparent. In other words, the reactive
chemicals may cause a layer of films to be deposited on the
transparent window, thereby significantly reducing the
amount and/or quality of light that is detected by the optical
sensor. Furthermore, the utility of optical sensors is depen-
dent upon having viewing access into the processing environ-
ment. However, placing windows and/or viewing passages in
alllocations that may have to be monitored may not always be
feasible.

SUMMARY OF THE INVENTION

The invention relates, in an embodiment, to an arrange-
ment within a plasma processing environment of a plasma
chamber for detecting an unconfined-plasma event. The
arrangement includes a sensor, which is implemented within
the plasma chamber and outside of a plasma confinement
region. The sensor may produce a transient current during an
unconfined-plasma event. The arrangement also includes an
insulator to electrically isolate the sensor from the plasma
chamber wall. The arrangement further includes a conducting
contact to electrically connect a cable, wire, or conductor to
the sensor through the insulator. The arrangement also
includes a detection circuit, which is electrically connected to
the sensor via a conductor that is attached to the conducting
contact. The detection circuit is configured to convert the
transient current into a transient voltage signal and to remove
noise from the transient voltage signal before determining
whether the transient voltage signal is above a threshold,
which defines when the unconfined-plasma event is occur-
ring. The arrangement also includes a shield for enclosing at
least a portion of the conductor to at least reduce electromag-
netic noise (e.g., RF noise) received by the conductor.

The above summary relates to only one or more of the
many embodiments of the invention disclosed herein and is
not intended to limit the scope of the invention, which is set
forth in the claims herein. These and other features of the
present invention will be described in more detail below inthe
detailed description of the invention and in conjunction with
the following figures.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example, and
not by way of limitation, in the figures of the accompanying
drawings and in which like reference numerals refer to similar
elements and in which:

FIG. 1 shows an example of a prior art plasma processing
chamber in which the plasma is confined during processing,
and illustrates current strategies for detecting unconfined
plasma events.

FIG. 2 shows a schematic representation illustrating a
plasma chamber during plasma processing in accordance
with one or more embodiments of the present invention.
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FIG. 3A shows a schematic representation illustrating an
implementation of a capacitive-based sensor in accordance
with one or more embodiments of the present invention.

FIG. 3B shows a schematic representation illustrating a
rectangular capacitive-based sensor in accordance with one
or more embodiments of the present invention.

FIG. 3C shows a schematic representation illustrating a
cross-section of a sensor with two electrically insulative outer
layers in accordance with one or more embodiments of the
present invention.

FIG. 4A shows a schematic representation illustrating cir-
cuits in an unconfined-plasma detection arrangement in
accordance with one or more embodiments of the present
invention.

FIG. 4B shows a schematic representation illustrating cir-
cuits in an unconfined-plasma detection arrangement in
accordance with one or more embodiments of the present
invention.

FIG. 5 shows a schematic representation illustrating a sys-
tem for detecting unconfined-plasma events in a plasma pro-
cessing chamber in accordance with one or more embodi-
ments of the present invention.

FIG. 6 shows a schematic representation illustrating a sen-
sor, a shielded conductor, and a converter in the system illus-
trated in the example of FIG. 5 in accordance with one or
more embodiments of the present invention.

FIG. 7 shows a schematic representation illustrating a filter
in the system illustrated in the example of FIG. 5 in accor-
dance with one or more embodiments of the invention.

FIG. 8 shows a schematic representation illustrating a
detector in the system illustrated in the example of FIG. 5 in
accordance with one or more embodiments of the present
invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will now be described in detail with
reference to a few preferred embodiments thereof as illus-
trated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to
provide a thorough understanding of the present invention. It
will be apparent, however, to one skilled in the art, that the
present invention may be practiced without some or all of
these specific details. In other instances, well known process
steps and/or structures have not been described in detail in
order to not unnecessarily obscure the present invention.

Various embodiments are described herein below, includ-
ing methods and techniques. It should be kept in mind that the
invention might also cover articles of manufacture that
include a computer readable medium on which computer-
readable instructions for carrying out embodiments of the
inventive technique are stored. The computer readable
medium may include, for example, semiconductor, magnetic,
opto-magnetic, optical, or other forms of computer readable
medium for storing computer readable code. Further, the
invention may also cover apparatuses for practicing embodi-
ments of the invention. Such apparatus may include circuits,
dedicated and/or programmable, to carry out tasks pertaining
to embodiments of the invention. Examples of such apparatus
include a general-purpose computer and/or a dedicated com-
puting device when appropriately programmed and may
include a combination of a computer/computing device and
dedicated/programmable circuits adapted for the various
tasks pertaining to embodiments of the invention.

As aforementioned, during plasma processing, the quality
of the devices being created may rely on plasma being con-
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fined within a specific region of the plasma chamber, such as
within the region directly above the substrate being pro-
cessed. However, plasma may become unconfined and
migrate outside of the desired processing region. The forma-
tion of an unconfined plasma in a plasma chamber is highly
undesirable since the quality of the processing plasma may be
altered, thereby causing performance issues (e.g., signifi-
cantly degrading the performance on the substrate) and/or
damaging hardware (e.g., damaging the process chamber or
the pedestal). The prior art methods of detecting the uncon-
fined plasma are limited due to various reasons, including but
are not limited to, the corrosion of critical sensor components
and/or the deposition of an electrically insulating film on
critical sensor components, and poor signal-to-noise charac-
teristics.

Some embodiments of the present invention relate to sys-
tems for detecting unconfined-plasma events. For example, a
detection system according to one or more embodiments of
the invention may include an unconfined-plasma sensor, such
as a capacitive-based sensor. The unconfined-plasma sensor
is not sensitive to or substantially unaffected by the typically
corrosive and depositing plasma processing environment.
The unconfined-plasma sensor is also configured to be oper-
ated continuously during plasma processing without experi-
encing reduced device yield. Further, the unconfined-plasma
sensor is configured to generate a clear and robust signal
when an unconfined-plasma event occurs. In addition, the
unconfined-plasma sensor is configured to be flexibly located
within the process chamber.

The detection system may also include a detection circuit
to convert a current signal received from the unconfined-
plasma sensor into a voltage signal and reject noise in the
signal. The detection circuit may include a resistor-capacitor
(RC) filter, which may include several cascaded filtering
stages for filtering noise of a wide range of frequencies. The
RC filter may have a simple structure without requiring buft-
ering arrangements being implemented between the filtering
stages. Advantageously, with minimum design, manufactur-
ing, and maintenance costs, the RC filter may effectively
reject noise to provide high-fidelity signals for determining
presence of unconfined plasma.

The detection system may also include a shield for enclos-
ing at least a portion of the conductor that couples the uncon-
fined-plasma sensor and the detection circuit. Advanta-
geously, electromagnetic noise received by the conductor
may be substantially reduced or prevented, and the current
signal provided by unconfined-plasma sensor may be trans-
mitted with minimum interference and contamination.

The detection system may also include a self-test mecha-
nism for performing tests on the detection circuit (and the
circuit of the unconfined-plasma sensor) to ensure accurate
detection of unconfined plasma. The self-test mechanism
may perform the tests without interrupting the operation of
the plasma processing system in which the detection system
is implemented. Advantageously, unconfined plasma may be
accurately detected without manufacturing productivity
being compromised.

Some embodiments of the present invention relate to
plasma processing systems equipped with detection systems
for detecting unconfined-plasma events.

The features and advantages of the present invention may
be better understood with reference to the figures and discus-
sions that follow.

FIG. 2 shows, in accordance with an embodiment of the
present invention, a simple schematic of a plasma chamber
200 during plasma processing. Plasma chamber 200 may
include an electrode 210 (e.g., capacitive-based sensor),
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which is configured to be implemented within a region in
which detection of unconfined-plasma events is desired. In
other words, the region may be outside of a plasma confine-
ment region 214. In an example, electrode 210 may be
mounted in a manner that enables the outer surface of elec-
trode 210 to be exposed to unconfined plasma, such as uncon-
fined plasma 212.

Due to the inherent characteristic of plasma, surfaces
exposed to a plasma may develop an electrical charge as a
result of the difference in velocities of the lighter plasma
components (e.g., electrons) interacting with the heavier
plasma components (e.g., molecular ions). Thus, when elec-
trode 210 is exposed to unconfined plasma 212, the outer
surface of electrode 210 may undergo a charging process. The
outer electrode 210 surface may charge negatively or posi-
tively, depending on the particular characteristics of uncon-
fined plasma 212. Usually, the charging process is transient
since the charging process may only occur until the outer
surface of electrode 210 has achieved an amount of charge
that is at equilibrium with unconfined plasma 212.

While the transient charging process of the outer surface is
occurring, a transient charge of opposite sign may be induced
within electrode 210. The transient charge may be converted
into a transient voltage signal by a conversion circuit 222. To
remove the noise from the transient voltage signal, a low-pass
filter 224 may be utilized. In an example, the transient voltage
signal may be improved by passing through low-pass filter
224 to remove high-frequency components (i.e., high-fre-
quency noise). In an embodiment, a set of resonant LC filter
226 may be employed to block specific frequencies, such as
those typically used to generate plasma in order to further
refine the transient voltage signal into a conditioned signal.
The conditioned signal may then be forwarded to a threshold
detector 228, which may be configured to compare the con-
ditioned signal against a pre-defined threshold. If the condi-
tioned signal is above the pre-defined threshold, threshold
detector 228 may generate an alert indicating that unconfined
plasma has been detected, thereby enabling appropriate
actions to be taken (e.g., the plasma may be turned oft and
processing of the substrate stopped).

FIG. 3A shows, in an embodiment of the invention, an
implementation of the capacitive-based sensor. As mentioned
in FIG. 2, a capacitive-based sensor 302 may be physically
mounted on a chamber wall 318 of a plasma chamber. In an
embodiment, capacitive-based sensor 302 may include at
least two components: an electrically insulative outer layer
308 and an electrically conducting substrate 304. In an
embodiment, capacitive-based sensor 302 is electrically iso-
lated from the mounting surface via an insulator 316. When a
transient charge is generated due to an unconfined plasma, the
transient current may be sent along to a conducting contact
314, which is coupled to electrically conducting substrate 304
via an electrical contact 306. The transient charge may be sent
to a detection circuit (not shown) via a wire 310, which may
be secured to conducting contact 314 via a clamp 312.

In an embodiment, electrically conductive substrate 304
may be made from an electrically conducting material. In an
example, electrically conductive substrate 304 may be made
from a metal (e.g., Al, Cu, Ag, Au, Fe-based, etc.) or a com-
bination/alloy of metals. In another embodiment, electrically
conductive substrate 304 may be made from a semiconductor
material, such as highly-doped silicon, for example. In yet
another embodiment, electrically conductive substrate 304
may be made from a conductive ceramic material (e.g., sili-
con carbide) or a combination of conductive ceramics. In yet
another embodiment, electrically conductive substrate 304
may be made from a conductive polymer. In an example, the
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conductive polymer may be an organic polymer containing
electrically conductive “fillers.” In another example, the con-
ductive polymer may be an organic polyaniline-based poly-
mer or a mixture of a polyanyline-based polymer. In yet
another embodiment, electrically conductive substrate 304
may be made from a non-conducting polymer. In yet another
embodiment, electrically conductive substrate 304 may be
made from an electrically conductive inorganic polymer,
such as conductive silicone, for example. In yet another
embodiment, electrically conductive substrate 304 may be
made from a combination of any or all of the above electri-
cally conductive materials.

In an embodiment, electrically insulative outer layer 308
may be made of an electrically-insulative material. In an
example, electrically insulative outer layer 308 may be made
from a form of SiO2 (e.g., quartz or glass), a ceramic (e.g.,
Al203), a commercial polymer (e.g., PTFE, polyimide, sili-
cone, etc.), a polymer that is a byproduct of the plasma pro-
cess (e.g., a CFx-based polymer), or a combination of any or
all of the above.

Furthermore, electrically insulative outer layer 308 may be
made of an electrically-insulating material that may be com-
patible with the typical mixture of chemicals and plasma
being used in the plasma chamber in which the sensor is
installed. In an example, anodized aluminum is a common
material in a typical plasma etch chamber (such as that illus-
trated in FIG. 1) since anodized aluminum is relatively inert to
the chemicals typically used for substrate processing. In other
words, an unconfined-plasma sensor made from anodized
aluminum may be compatible with the plasma process since
anodized aluminum is relatively insensitive to the plasma
environment and does not become a source of metal or par-
ticulate defects.

In another embodiment, electrically insulative outer layer
308 may be grown from electrically conductive substrate 304.
In an example, the anodized aluminum that may characterize
electrically outer layer 308 may be grown from an aluminum
substrate. In another example, electrically insulative outer
layer 308 may be grown from the film deposited on electri-
cally conductive substrate 304. The film may be deposited by
a plurality of common deposition techniques, including
chemical vapor deposition, plasma enhanced chemical vapor
deposition, sputtering, and the like. In yet another example,
electrically insulative outer layer 308 may be applied onto
electrically conductive substrate 304 by a plurality of com-
mon application techniques, such as thermal spraying, sinter-
ing, thermal bonding, and the like.

The thickness of electrically insulative outer layer 308 may
vary depending upon the type of insulative material. In an
embodiment, the thickness of electrically insulative outer
layer 308 has to be sufficiently thick to electrically insulate
electrically conductive substrate 304 while still enabling an
appropriate capacitance to be generated when capacitive-
based sensor 302 is exposed to a plasma in order to create a
measurable voltage that is detectable in the detection circuit.
In an embodiment, the thickness of the film may range from
10 to 100 micrometers.

As can be appreciated from the foregoing, the number of
electrically insulative outer layers that may be applied to
electrically conductive substrate 304 may vary as long as the
set of electrically insulative outer layers electrically isolate
electrically conductive substrate 304 from the outer surface of
a sensor 324, which is exposed to the unconfined plasma. To
illustrate, FIG. 3C shows, in an embodiment of the invention,
an example of a cross-section of a capacitive-based sensor
302 with two electrically insulative outer layers, 320 and 322.
In an example, electrically insulative outer layer 322 may be
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applied onto electrically insulative outer layer 320 as part of
the fabrication of capacitive-based sensor 302. In this
example, electrically insulative outer layer 320 may become
an ‘intermediate glue layer’ to improve the adhesion of elec-
trically insulative outer layer 322 onto electrically conductive
substrate 304. In another example, electrically insulative
outer layer 320 may have a coefficient of thermal expansion
that is in between that of electrically insulative outer layer 322
and that of electrically conductive substrate 304. The thermal
expansion coefficient may enable capacitive-based sensor
302 to be more resistant to cracking or flaking due to the
effects of thermal cycling.

In a third example, electrically insulative outer layer 322
may represent a layer of deposition that has been formed on
an electrically insulative outer layer 320 due to exposure to
reactive gases that are present in the processing chamber
while the substrate is being processed. Because capacitive-
based sensor 302 may operate like a capacitor, capacitive-
based sensor 302 may be insensitive to the formation of an
additional layer on the surface of the sensor. Unlike Lang-
muir-type probes, the formation of an electrically insulative
outer layer does not eliminate the ability of the sensor to
detect unconfined plasma.

Referring back to FIG. 3A, the specific combination of
insulator 316, conductor contact 314, and clamp 312 may be
custom-made for a particular application, or may be replaced
by any number of commercial vacuum feed-through devices
or components thereof.

Additionally, capacitive-based sensor 302 may be mounted
to the chamber in many different ways. In an embodiment,
capacitive-based sensor 302 may be mounted in close prox-
imity to chamber wall 318, as shown in FIG. 3A. In another
embodiment, capacitive-based sensor 302 may be flush with
chamber wall 318. In yet another embodiment, capacitive-
based sensor 302 may be mounted away (such as on the end of
arod or a pedestal) from chamber wall 318.

In an embodiment, capacitive-based sensor 302 may be
formed in any geometrical shape. As can be appreciated from
the foregoing, the shape of capacitive-based sensor 302 may
be based ona manufacturer’s preference or may be dependent
upon mounting location. In an embodiment, as shown in FI1G.
3B, capacitive-based sensor 302 may be a rectangular “but-
ton,” with x and y dimensions of around one inch and a
thickness z of about 0.05". In another embodiment, capaci-
tive-based sensor 302 may be annular in shape, such as a ring,
to account for the other components within the environment,
such as a circular pedestal or a circular chamber. Usually, the
sensitivity is proportional to the surface area of the probe in
contact with the unconfined plasma (which may not occupy
the whole exterior volume). Accordingly, a larger probe may
provide a larger signal, but may also capture more noise.
Furthermore, a very large probe may risk perturbing the nor-
mal plasma process, for example by changing the RF current
return path. Thus, the shape and size of the sensor may depend
upon a manufacturer’s preference given the criteria discussed
above.

As aforementioned, once the transient current has been
generated, the transient current may be sent to a detection
circuit to determine the existence of unconfined plasma.

FIG. 4A shows, in an embodiment of the invention, an
example electrical model of both a capacitive-based sensor
and a detector circuit. A box 402 shows an example circuit
model for a capacitive-based sensor. The outer surface of the
capacitive-based sensor (the surface which is exposed to a
plasma) is represented by a plate 404. Capacitors 406 and 408
each represents an electrically insulative outer layer that may
be present on the electrically conductive substrate of the
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capacitive-based sensor. As can be appreciated from the fore-
going, additional layers on the electrically conductive sub-
strate may be represented by additional capacitances in the
electrical model (and vice versa). In an embodiment, the
capacitance of the set of electrically insulative outer layers on
the electrically conductive substrate is the dominant capaci-
tance. In other words, the additional capacitance due to the
formation of layers of plasma deposition products may be
large relative to the capacitance of the outer layers of the
detector, since the smallest capacitors in a series is the domi-
nant one. Usually, a typical capacitance value of the film may
be about 0.1 nano farad (nF) per square centimeter of the
surface area.

Boxes 410, 420, and 430 together show an example circuit
model for a detection circuit. Box 410 shows an example of a
model for a current-to-voltage converter (i.e., circuit con-
verter). The current-to-voltage converter is configured to con-
vert the transient current generated from an electrical charge
due to exposure of the plate 404 to plasma to a transient
voltage. In an example, the transient current that develops
across capacitors 406 and 408 due to the exposure to the
plasma may flow to an electrical ground 416 via a resistor
414, thereby converting the transient current into a transient
voltage signal, which may be read at point 412. In an embodi-
ment, resistor 414 may have a value of between 1-100 kilo
Ohms. In one or more embodiments, an op-amp with feed-
back resistor may convert the transient current into a transient
voltage. One or more embodiments may use a transistor with
appropriate bias to convert the transient current into a tran-
sient voltage. One or more embodiments may use a trans-
former to convert the transient current into a transient voltage.

The transient voltage signal generated at point 412 may
then be conditioned to improve signal-to-noise characteris-
tics. In an embodiment, the transient voltage signal may pass
through a low pass filter circuit, such as the example circuit
shown in box 420. In an embodiment, low pass filter 420 may
include; but may not be limited to a resistor 422 connected to
a capacitor 424, which is connected to a ground 426. The
combination of elements 422 and 424 serve to remove high-
frequency components from the transient voltage signal. In an
embodiment, resistor 422 may have a value of 100 Ohms and
capacitor 424 may have a value of about 100 nF.

The signal-to-noise characteristics of the transient voltage
signal may be further improved by passing the transient volt-
age signal through a set of resonant L.C filters, such as the two
examples presented in box 430, in an embodiment. The first
LC filter may include an inductor 432 in parallel with a
capacitor 434. Similarly, the second LC filter may include an
inductor 436 in parallel to a capacitor 438. With the set of
resonant L.C filters, the transient voltage signal may be
improved by selectively blocking known and/or expected
frequencies. For example, if a process plasma is powered by
two separate RF generators that operate at different frequen-
cies (e.g., 13.56 MHz and 27 MHz), the transient voltage
signal generated from a capacitive-based sensor exposed to
plasma may include both frequencies.

Since, the magnitude of these frequencies may interfere
with the detection of the transient voltage signal, the set of
resonant L.C filters may be employed to block the frequencies.
In an example, inductor 432 in parallel with capacitor 434
may block the 13.56 MHz component, and inductor 436 in
parallel with capacitor 438 may block the 27 MHz compo-
nent. Typically, the types of frequencies that may be blocked
may be the types of frequencies that may be commonly uti-
lized (e.g., 2 MHz, 27 MHz and 60 MHz). However, the set of
resonant LC filters are not limited to blocking just the afore-
mentioned frequencies and may block any frequency and/ora
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range of frequencies (e.g., 200 kHz to 200 MHz). As can be
appreciated from the foregoing, the type of frequencies that
may be blocked may depend upon the user’s preference.

Once the transient voltage signal has been filtered, a con-
ditioned signal may be generated at a point 440. In an embodi-
ment, the conditioned signal (i.e., the output from resonant
LC filter box 430) may be sent to a threshold detector (not
shown). The threshold detector may compare the conditioned
signal to a pre-determined threshold to determine if an uncon-
fined-plasma event has occurred.

Alternatively, the detection circuit may be implemented as
shown in FIG. 4B. The detection circuit as shown in FIG. 4B
is similar to the detection circuit of FIG. 4A except for the
presence of an additional capacitor 418. In an embodiment,
capacitor 418 may be implemented within the current-to-
voltage converter of box 410. Since the capacitive-based sen-
sor in box 402 may sometime experience short-circuit,
capacitor 418 may provide some protection for the down-
stream components of the detection circuit (i.e., boxes 420,
430, threshold detector, etc.) from being damaged. In an
embodiment, capacitor 418 may have a value of about 100 nF.
As an example, if the set of outer layers of the capacitive-
based sensor become damaged such that the electrically insu-
lative characteristic of the capacitive-based sensor is compro-
mised, model capacitors 406 and 408 in box 402 are replaced
by adirect electrical connection between the capacitive-based
sensor (i.e., plate 404) and the detection circuit components
(which are connected to point 412 in box 410), the detection
circuit may also be short-circuited and may be damaged.
However, with capacitor 418, a direct connection between the
plasma and the detection components may be prevented,
thereby preventing the detection circuit from being damaged.
In addition, even if capacitor 418 becomes exposed to the
unconfined plasma due to the short-circuit situation, the tran-
sient voltage signal generated is detectably different from the
transient voltage signal that is associated with a non-short-
circuited sensor. As a result, the threshold detector would be
able to differentiate between the two types of transient volt-
age signals and may even be able to make a determination that
the capacitive-based sensor has been damaged.

FIG. 5 shows a schematic representation illustrating a sys-
tem 500 for detecting unconfined-plasma events in a plasma
processing chamber 200 (or plasma chamber 200) in accor-
dance with one or more embodiments of the present inven-
tion. System 500 may provide further improvements and
advantages over the embodiments discussed with reference to
the examples of FIGS. 2 and 4.

For example, system 500 may be able to prevent leakage-
induced errors and breakdowns, which may be potentially
caused by DC voltage build-up. System 500 may also incor-
porate self-test functions/features to ensure accurate detec-
tion of unconfined-plasma events without comprising pro-
ductivity. System 500 may also isolate sensor ground and
detection ground for facilitating distinction of signal from
noise (such as common mode noise). System 500 may also
effectively filter noise of a wide range of frequencies with a
relatively low-cost filtering mechanism. System 500 may also
adjust filtering and detection mechanisms in an adaptive man-
ner and therefore may be optimized for various configurations
and recipes for plasma processing. System 500 may also
facilitate studies and analyses of various unconfined-plasma
events.

Similar to the embodiments discussed in the example of
FIG. 2, system 500 may include a sensor 210 (or electrode
210), a converter 584, a filter 586, and a detector 588. How-
ever, in a novel and non-obvious manner, system 500 may not
need a resonant LC filter as required in the examples of FIGS.
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2 and 4. System 500 may also include a shielded conductor
582 (e.g., a shielded cable) configured to couple sensor 210
and converter 584. Shielded conductor 582, converter 584,
filter 586, and detector 588, and associated features and
advantages are further discussed with reference to the
examples of FIGS. 6, 7, and 8.

FIG. 6 illustrates a schematic representation of sensor 210,
shield conductor 582, and converter 584 in system 500 in
accordance with one or more embodiments of the present
invention. Among the components, sensor 210 has been dis-
cussed with reference to the example of FIG. 2.

Shielded conductor 582 may include conductor 600 for
coupling sensor 210 and converter 584. Conductor 600 may
have a low capacitance (or high characteristic impedance) for
transmitting low frequency pulses from sensor 210 concern-
ing unconfined plasma to converter 584. Shielded conductor
582 may also include a shield 692 enclosing at least a portion
of'conductor 600. Shield 692 may be electrically grounded at
two ends through a ground 608 and a ground 604. Ground 608
may be located close to sensor 210 and before signals are
substantially transmitted through conductor 600. Shield 692
may provide shielding for signals transmitted through con-
ductor 600. In general, if conductor 600 is not shielded,
conductor 600 may act as an antenna that may radiate and
receive electromagnetic energy. As a result, the strength of
desired signals may be reduced, and external signals may be
received to cause interference and noise. Advantageously,
shield 692 may prevent signal strength loss and may shield
signals from external interference and noise.

Converter 584 may have components, such as capacitor
418, resistor 414, and ground 416, similar to components
discussed in the example of FIG. 2. In addition, system 600
may include resistors 612 and 602 differentially coupled
across resistor 414 for rejecting common-mode noise. Resis-
tors 612 and 602 may also be configured for measuring volt-
age signals.

System 500 may also include bleeding resistor 662 for
preventing DC voltage build-up, thereby preventing leakage-
induced error and breakdown of converter 584. Bleeding
resistor 662 may have high resistance relative to the rest of the
circuit in system 500, such that bleeding resistor 662 does not
unduly load down the signal to be measured. Nevertheless,
the resistance of bleeding resistor 662 may be low enough to
keep the DC voltage below an acceptable amount to prevent
DC voltage build-up. As an example, the resistance of bleed-
ing resistor 662 may be on the order of Mega Ohms.

System 500 may also include a self-test mechanism. For
example, system 500 may include a self-test current source
650 coupled with node 412 through a series capacitor 668 and
a series resistor 606. Self-test current source 650 may provide
a signal, such as a self-test pulse, to node 412 to test the circuit
of one or more of converter 584, filter 586, etc. Self-test
current source 650 may have high impedance such that cur-
rent source 650, series capacitor 668, and series resistor 606
may not unduly load down node 412. Series capacitor 668
may have capacitance on the order of nano farads (nF). The
resistance of series resistor 606 may be on the order of kilo
Ohms. The self-test pulse injected to node 412 may have one
ormore characteristics, e.g., rise time, that are consistent with
a signal pertaining to an unconfined plasma. Series capacitor
668 may be a variable capacitor for adjusting the self-test
pulse. In another embodiment, a buffered waveform genera-
tor with an isolating signal switch may be used to generate
and inject the self-test signal into node 412.

In system 500, compound grounding may be utilized. For
example, ground 604 may be connected to a frame ground
through a bracket. Ground 416 may be connected to another
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frame ground through another bracket. In general, a frame
ground is a ground point on a metal piece that forms the frame
or enclosure of a machine (such as a plasma processing sys-
tem). The brackets may be kept separate and/or may have high
impedance in between such that the brackets do not couple
with each other.

FIG. 7 shows a schematic representation illustrating filter
586 in system 500 in accordance with one or more embodi-
ments of the invention. Filter 586 may be connected with
converter 584 (discussed with reference to FIG. 6) through
differentially coupled resistors 612 and 602, which serve as
input resistors. Filter 586 may include one or more resistor-
capacitor (RC) filters. The one or more RC filters may have a
wide range of frequency response and therefore may be able
to effectively reject noise over a wide range of frequencies.

In the example of FIG. 7, four stages of RC filters are
implemented, though different numbers of stages may be
utilized in various embodiments. The four stages may be
cascaded and/or may work independently. The four stages of
filter 586 may have similar configurations. As an example,
stage 738 may include shunt capacitors 700 and 708 for
shunting electromagnetic noise (e.g., RF noise) to ground 706
and ground 716, respectively. Ground 706 and ground 716
may be coupled to the same frame ground or different frame
grounds. In one or more embodiments, ground 706 and 716
may be connected and may share the same grounding strap.
The grounding strap for ground 706 and ground 716 may be
different from the grounding strap utilized for ground 604 and
ground 416 shown in the example of FIG. 6. With electro-
magnetic noise shunted to grounds 706 and 716, comprehen-
sive rejection of noise may be performed, and high-fidelity
signals may be provided.

Stage 738 may also include a capacitor 702. Capacitor 702
may cause a short circuit and may attenuate differential-mode
RF signals received through differentially coupled resistors
612 and 602, for further improving the output signal of filter
586.

The effect of RC filtering can be modified by the number of
stages. With a simple structure, excellent pulse fidelity for
low frequency signals (e.g., on the order of KHz) may be
sufficiently provided with substantial rejection for high fre-
quency noise, e.g., 100 dB of noise-rejection at 400 KHz. The
number of stages may determine the amount of rejection. For
example, each stage may provide about 20 dB of rejection per
decade.

The RC filtering circuit can be designed to provide attenu-
ation of noise at the lowest frequency expected, e.g., the
lowest frequency plasma processing chamber 200 (illustrated
in the example of FIG. 5) may operate on. Accordingly, noise
above the lowest expected frequency may be rejected. With
RC arrangements, filter 586 does not require the selection of
specific inductance and capacitance values for fundamental
frequencies and harmonic frequencies. In contrast, such a
selection is typically required in resonant L.C filters. Further,
the RC circuit in filter 586 generally is not sensitive to reso-
nance and can be cascaded without requiring the buffering
arrangements being disposed between different stages. In
contrast, buffering is usually required for LC resonant filters.
Accordingly, design, implementation, and maintenance costs
associated with filter 586 is relative low compared with costs
associated with filters utilizing [.C arrangements.

Filtered signals provided by filter 586 may be received at
nodes 752 and 754 as input into a differential amplifier 778.
Differential amplifier 778 may have a high impedance input
(e.g., on the order of Mega Ohms), which may allow the use
of high-resistance resistors, such as resistors 612, 602, 714,
and 704, with resistance values on the order of 100 KQ.
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Differential amplifier 778 may also provide a gain to amplify
the filtered signals for facilitating detection of unconfined
plasma. Differential amplifier 778 may be coupled with an
analog signal ground 768 to provide a reference for signal
detection and for conditioning electronic components. The
combination of filter 586 and differential amplifier 778 has
high CMRR over a very wide frequency range. The combi-
nation also has steep roll-off to reject differential mode high
frequency noise with Gaussian shape to preserve pulse fidel-
ity.

FIG. 8 shows a schematic representation illustrating detec-
tor 588 in system 500 in accordance with one or more
embodiments of the present invention. Detector 588 may
include a microprocessor 850 for processing signals (e.g., a
signal 890) provided by differential amplifier 778. Signal 890
may drive several (alternative) input signals to microproces-
sor 850.

For example, through connection 800, signal 890 may be
provided to an analog-to-digital (A/D) converter 898 of
microprocessor 850. Accordingly, A/D converter 898 may
convert signal 890 into a digital signal. Processor 850 may
process and/or analyze the digital signal for the detection of
anunconfined-plasma event and/or for studies of unconfined-
plasma events.

Through connection 880, signal 890 may be provided to a
peak detector 882 for measuring the peak value(s) of the
left-over high frequency noise(s). The peak values of the
left-over noise may be utilized to adjust the threshold of
comparators 802 and 812 in system 500. Advantageously,
settings for thresholds utilized in detecting unconfined-
plasma events may be optimized, and false triggers may be
avoided.

Signal 890 may also be provided to at least one of positive
comparator 802 and negative comparator 812 for detecting at
least one of positive unconfined plasma coupling and negative
unconfined plasma coupling. In one or more embodiments,
both positive and negative unconfined plasma couplings may
be detected. The output signals of comparators 802 and 812
may be provided to microprocessor 850 for further analyses.
AnAND gate 804 may be utilized to determine whether either
one of the signals provided from comparators 802 and 812 is
active. AND gate 804 may trigger microprocessor 850 to start
atimer if at least one of the signals from comparators 802 and
812 is active. If neither of the signals is active, the timer may
be stopped, and the accumulated time may be assessed for
determining the width of a pulse pertaining to signal 890.

If the pulse width is greater than a predefined threshold
value (which may be, e.g., on the order of 500 microseconds
to 1 millisecond), unconfined plasma may be determined to
be present. Accordingly, microprocessor 850 may inform a
host device 860 of the presence of the unconfined plasma.
Host device 860 may then perform appropriate actions in
response to the presence of the unconfined plasma, such as
suspending the plasma processing in plasma processing
chamber 200 (illustrated in the example of FIG. 5).

If the pulse width is less than another threshold value,
microprocessor 850 may determine that there is noise and
may trigger a noise indication. Accordingly, system 500 may
be further fine-tuned to eliminate spurious response to noise.

Various characteristics, such as magnitude, polarity, etc.,
of the pulse associated with signal 890 may be logged for
analyses of various events by microprocessor 850.

Microprocessor 850 (or host 860) may also provide a self-
test signal 808 for testing the circuitry of at least one of
converter 584, filter 586, etc., without the operation of cham-
ber 200 being interrupted or disrupted.
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System 500 may also include a digital-to-analog (D/A)
converter 852 for configuring thresholds for comparators 802
and 812. The thresholds may be configured in an adaptive
manner in response to noise indications and/or may be con-
figured according to user/customer requirements.

In one or more embodiments, a powerful processor may be
utilized (in place of microprocessor 850) to execute digital
signal processing algorithms for processing signal 890.
Accordingly, peak detector 882, positive comparator 802, and
negative comparator 812, etc. may not be needed.

In one or more embodiments, analog signals provided by
peak detector 882, comparator 802, and/or comparator 812
may be analyzed by an analog device to determine the pres-
ence of any unconfined plasma without the need of the digital
microprocessor 850.

As can be appreciated from the forgoing, one or more
embodiments of the present invention provide for an uncon-
fined-plasma sensor for detecting unconfined plasma. By
having a set of electrically insulative outer layers protecting
the conductive substrate of the unconfined-plasma sensor, the
unconfined-plasma sensor is protected from the plasma envi-
ronment, thereby enabling the unconfined-plasma sensor to
perform without suffering a performance decline due to cor-
rosion of critical sensor components and/or deposition of
electrically insulating films on the conducting substrate of the
sensor. With a detection circuit capable of filtering out extra-
neous noise from the voltage signal, the voltage signal may be
of higher quality; thus, providing the threshold detector with
aclear signal from which an unconfined-plasma event may be
determined. Accordingly, appropriate actions may be taken in
response to unconfined-plasma events. Advantageously,
damage to wafers and plasma processing equipment poten-
tially caused by repeated unconfined-plasma events may be
prevented, and the processing yield may be optimized.

Some embodiments may provide further improvements
and advantages concerning signal fidelity and equipment pro-
tection, with reduced costs. For example, embodiments of the
invention may shield the signal transmission path to maintain
signal strength and to minimize effects of external noise.
Embodiments of the invention may minimize DC voltage
build-up, thereby reducing/preventing leakage-induced
errors and component damage. Embodiments of the invention
may also utilize simple RC filter implementation that can
reject noise over a wide range of frequencies. Advanta-
geously, the implementation and maintenance costs for the
detection system may be minimized, and, with noise effec-
tively filtered, accuracy for detecting unconfined-plasma
events may be maximized.

Embodiments of the invention may also provide self-test
features to facilitate troubleshooting of unconfined-plasma
detection systems without interrupting the wafer fabrication
process. Advantageously, wafer fabrication processes may be
optimized against unconfined-plasma events without com-
promising productivity.

While this invention has been described in terms of several
embodiments, there are alterations, permutations, and
equivalents, which fall within the scope of this invention. It
should also be noted that there are many alternative ways of
implementing the methods and apparatuses of the present
invention. Furthermore, embodiments of the present inven-
tion may find utility in other applications. The abstract section
is provided herein for convenience and, due to word count
limitation, is accordingly written for reading convenience and
should not be employed to limit the scope of the claims. It is
therefore intended that the following appended claims be
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interpreted as including all such alterations, permutations,
and equivalents as fall within the true spirit and scope of the
present invention.

What is claimed is:

1. A system for detecting unconfined-plasma events in a
plasma processing chamber, the system comprising:

a capacitive sensor comprising:

a conductive plate that is arranged a predetermined dis-
tance from a conducting surface of the plasma pro-
cessing chamber,

wherein the conductive plate includes an outer planar
surface facing an interior of the plasma processing
chamber and an inner planar surface arranged parallel
to the conducting surface of the plasma processing
chamber;

a first insulating layer arranged around and in direct
contact with the conductive plate;

asecond insulating layer that is arranged between and in
direct contact with the first insulating layer and in
direct contact with the conducting surface of the
plasma processing chamber; and

a conductor configured to provide a connection though a
bore in the conducting surface of the plasma process-
ing chamber, the first insulating layer and the second
insulating layer to the conductive plate,

wherein the second insulating layer extends though the
bore in the conducting surface of the plasma process-
ing chamber and insulates the conductor from the
bore in the conducting surface of the plasma process-
ing chamber, and

wherein the capacitive sensor is not biased by a power
supply during a normal operating mode;

a converter connected to the conductor and configured to
convert current, that is output by the capacitive sensor
and that is generated due to charging of the capacitive
sensor during the unconfined-plasma events, to a volt-
age;

a filter configured to remove noise from the voltage and to
generate a first signal; and

a detector configured to detect the unconfined-plasma
events in the plasma processing chamber based on the
first signal.

2. The system of claim 1, further comprising:

a first resonant filter connected to the filter to filter a first
frequency corresponding to a first RF plasma generator
signal; and

a second resonant filter to filter a second frequency corre-
sponding to a second RF plasma generator signal,

wherein the detector is configured to detect the unconfined
plasma events in the plasma processing chamber based
on an output of the second resonant filter.

3. The system of claim 1, further comprising a detector
configured to detect unconfined plasma in the plasma pro-
cessing chamber based on an input signal, wherein the input
signal includes at least one of the first signal and an amplified
signal based on the first signal.

4. The system of claim 3, further comprising:

a grounded shield configured to enclose at least a portion of

the conductor.

5. The system of claim 1, further comprising a bleed resis-
tor coupled to the conductor between the capacitive sensor
and the converter.

6. The system of claim 1, wherein the converter comprises:

afirst capacitor having one end connected to the conductor;
and

afirst resistor connected to another end of the capacitor and
to ground.
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7. The system of claim 6, further comprising:

a second capacitor having one end connected between the

first capacitor and the first resistor;

a second resistor connected to another end of the second

capacitor; and

a current source configured to supply current to the second

resistor during a self-test mode that is different than the
normal operating mode.

8. The system of claim 6, further comprising:

a second resistor connected between one end of the first

resistor and the filter; and

a third resistor connected between another end of the first

resistor and the filter,

wherein the second resistor and the third resistor output a

differential signal to the filter.

9. The system of claim 8, wherein the filter comprises a
multi-stage filter that generates a filtered differential signal
based on the differential signal.

10. The system of claim 9, further comprising:

adifferential amplifier configured to generate an amplified

differential signal based on the filtered differential signal
and to output the amplified differential signal to a detec-
tor.

11. The system of claim 1, wherein the conducting surface
comprises a wall of the plasma processing chamber.

12. The system of claim 1, further comprising a third insu-
lating layer formed around the first insulating layer, wherein
the first insulating layer has a coefficient of thermal expansion
that is between coefficients of thermal expansion of the third
insulating layer and the conducting plate.
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